Abstract Wastewater from an Akzo Nobel production site contains more than 50 g/l total dissolved salts, mainly chlorides and sulphates, and is currently being treated after 10 -20 £ dilution. Biological treatment of undiluted or less diluted wastewater is very desirable for environmental and economic reasons. Possibilities were investigated in laboratory scale reactors to treat this highly saline and high strength wastewater aerobically, either after long adaptation or after removing part of the salts by a pretreatment. Adaptation and selection from mixed activated sludge populations took approximately 40 days to finally achieve a COD removal in aerobic treatment of 55 -65% at two times dilution (11 -16 g/l chloride and 5 -7 g/l sulphate). Undiluted wastewater was not treatable. A higher removal percentage (. 80%) was possible at the original high salt concentration only when the sludge load was limited to approximately 0.4 -0.5 kg COD/kg sludge/day. A longer adaptation time was required. Nanofiltration (NF) and crystallization could be used as a pretreatment to remove and recover up to 80% of the sulphate in the form of crystallized Glauber salt. Recovery strongly depended on the sulphate and chloride concentration in the NF concentrate and on crystallization temperature. The salt (sulphate) reduction through the NF improved the removal efficiency of a consecutive biotreatment only at a relatively low chloride level, demonstrating that the combination of nanofiltration-crystallization-aerobic biodegradation is less feasible for very saline wastewaters. Anaerobic pretreatment of saline waters turned out to be rather sensitive to high salinities. Only wastewater diluted to 10 g/l chloride could be treated well: sulphate concentration decreased by 80% and COD by 40%. Removal efficiencies of the combined anaerobic-aerobic treatment were approximately 80 -85%, proving that this was a feasible route for 2-3 £ diluted wastewater. The study has shown that several alternatives are available for treatment of the very saline wastewaters at a much lower degree of dilution than currently practiced.
Introduction
On a large number of industrial production sites, wastewaters are produced containing high concentrations of inorganic salts, mainly sodium chloride and sodium sulphate. Aerobic biodegradation of saline wastewaters already employs up to 20 g/l sodium chloride, but application is limited due to disadvantages such as decreased chemical oxygen demand (COD) removal efficiency (Kargi and Dinçer, 1996; Woolard and Irvine, 1995) , lower nitrification efficiency (Moussa, 2004) , a decline in sludge settling properties (Moon et al., 2002) , and higher sensitivity to variation in salt concentrations (Panswad and Anan, 1998; Cains et al., 1999) .
Wastewaters containing more than 30 g/l of inorganic salts are often diluted with cooling water effluent or less saline wastewaters to enable efficient biodegradation. Biological treatment of undiluted or less diluted wastewater is extremely desirable for environmental and economic reasons.
This study is aimed at improving the treatability of saline wastewaters from Akzo Nobel production sites with or without minor dilution. Base case treatment for comparison is aerobic biodegradation. Aerobic treatment is currently applied for wastewater under investigation at 10-20 times dilution. First, aerobic treatment at high salinity and low dilution was compared using different adaptation/startup procedures. Further improvement was sought through the combination of aerobic treatment and pretreatment. Pretreatments studied experimentally on laboratory scale were nanofiltration, crystallization and anaerobic biodegradation. The aim of the combination of nanofiltration and crystallization is to concentrate salts (sulphates) by nanofiltration, to crystallize and separate sodium sulphate, and to discharge the less salty nanofiltration permeate to a biotreatment without further dilution. Anaerobic pretreatment is aimed at removing sulphates and part of the organic load. Typical wastewaters studied were real plant effluents, which contain more than 50 g/l total dissolved salts, mainly chlorides and sulphates, and a complex mixture of organic substances.
Experimental methods
Aerobic biodegradation experiments were performed in sequencing batch reactors (SBRs) test according to OECD guidelines (OECD, 1981) . The SBR is used to accommodate all processes normally associated with activated sludge treatment in one single vessel. The SBR consisted of a glass column with a total volume of 150 ml (see Figure 1 ). The process was time sequenced. The daily cycles of the SBR started with a settling period of 45 min. Subsequently, 100 ml of treated water was drained off from the SBR. Next, the SBR was filled with wastewater and aerated for 23 h. The temperature was maintained at 20 8C. The desirable hydraulic residence time (HRT) was established by the daily wastewater volume that was fed. Withdrawn wastewater was analysed for NPOC or COD to determine the organic carbon removal efficiency. Activated sludge from a municipal wastewater treatment plant was used to start up the SBR. The sludge was adapted to the high salinity either by slowly decreasing the dilution of the influent, or by aerobic treatment at a constant high salt concentration but slowly increasing sludge load. In the last case, the influent wastewater was diluted, but sodium chloride (NaCl) and sodium sulphate (Na 2 SO 4 ) were added to obtain the original, high salt concentration. Nanofiltration experiments were carried out either with a tubular membrane or a spiral-wound membrane module. The membrane area was, respectively, 0.9 and 1.75 m 2 .
The membranes were characterized for clean water flux and retention for Na 2 SO 4 and glucose. Three operating modes were used (see Figure 2 ). First, nanofiltration was started with a batch of wastewater in a total recycle mode in which both permeate and concentrate are recycled to the feed vessel. Secondly, the permeate was discharged while recycling the concentrate to the vessel. In this way the batch of wastewater was concentrated with a factor of 7. Finally, both the permeate and the concentrate were discharged, while new wastewater was pumped continuously into the feed vessel. In this steady-state operation, the concentration factor, the ratio between feed flow and concentrate flow, was kept constant at approximately 7.
Anaerobic biodegradation experiments were carried out in an upflow anaerobic sludge bed (UASB) reactor. A comparable laboratory set-up was used as described by Lettinga and Hulshoff Pol (1991) . A glass cylindrical UASB reactor with a working volume of 1.5 l was used. Wastewater was pumped into the reactor and passed upwards through the bed consisting of anaerobic sludge granules. The reactor was operated with a recirculation flow of 9.0 ml/min, which resulted in an upflow velocity of 17.7 cm/h in the reactor. At the top of the reactor, the water phase is separated from sludge solids and gas in a three-phase separator: a gas cap with a settler situated above it. Below the opening of the gas cap, baffles are used to deflect gas into the gas cap opening. The reactor was inoculated with 7 g/l dry weight of granulated anaerobic sludge from another industrial UASB. The pH and temperature were maintained at 8-8.5 and 30 8C, respectively. Hydraulic retention time and influent flow were chosen according to the required value for the experiment.
Crystallization was tested on concentrate samples from nanofiltration by seeding and cooling in laboratory beakers. Seeds of anhydrous (Na 2 SO 4 ) or hydrated (Na 2 SO 4 ·10-H2O) sodium sulphate were added to all samples to initiate the crystallization. Crystallization efficiency was measured at 8 and 3 8C.
The nonpurgeable organic carbon (NPOC) contents were determined using a TOC analyzer (Shimadzu Corporation, Kyoto, Japan). The COD, sulphide and phosphate concentrations were measured colorimetrically using Dr Lange tests (Dr Lange, Tiel, The Netherlands). Sludge dry weight concentrations were measured by filtering samples through a preweighed 12-mm pore size (cellulose nitrate) membrane filter (Schleicher and Schüll, Darmstadt, Germany), drying the filter at 105 8C overnight, and measuring the weight increase. Chloride levels were measured by titration with silver nitrate. Sulphate, phosphate and nitrate concentrations were measured by ion chromatography and total phosphor by wet chemical analysis.
Wastewater characteristics
Three representative batches of wastewater from an Akzo Nobel production site were used to assess the feasibility of the wastewater treatment. Characteristics of the wastewater are given in Table 1 . Wastewaters used contained hardly any nitrogen and phosphorus. Therefore, nutrients and micronutrients were added in the biodegradation experiments where needed. All three wastewater batches had a very complex organic composition. Major organic components were ethanol, glycol, glycol ethers, polyethylene glycols and substituted cellulose oligomers.
Results and discussion
Base case situation
Aerobic treatment of undiluted wastewater was not possible, which was demonstrated with three batches of wastewater A, B and E (i.e. at 50 -80 g/l total dissolved chloride and sulphate salts). Efficient organic carbon removal was hampered due to the salt concentration and/or the high organic load, because the organic compounds present in the wastewater are biodegradable. This was demonstrated with wastewater diluted to near freshwater conditions. Also, current full-scale treatment results, practicing 10-20 times dilution, confirm high biodegradability. When wastewaters A and B were diluted and used as influent in a series of experiments with increasing salt concentration, COD removal efficiency increased along the series as expected from the literature (Kargi and Dinçer, 1996; Moon et al., 2002) . At two times dilution (resulting in 11-16 g/l chloride and 5-7 g/l sulphate), COD removal varied between 55 -65% (see Figure 3) . In this experiment, hydraulic residence time (HRT) was reduced from 15 to 7.5 days on day 91. Removal efficiency decreased to an average of 55%. The net effect of the shorter HRT on reactor removal capacity was an increase from approximately 2-3 kg COD removed/ m 3 /day. A further increase of the organic carbon removal was not achieved by adding additional nitrogen and/or phosphor. Adaptation and selection from mixed activated sludge populations took a long time (at least 40 days), but were sufficient to achieve Forty times diluted wastewater E was treated for approximately 100 days at its original salt concentration of 29 g/l chloride and 12 g/l sulphate, before NPOC removal efficiency increased strongly (see Figure 4) . From that time on, sludge load was increased in several steps by changing to a shorter HRT and by changing to a less diluted influent. Results show that removal of approximately 80% was possible at the high salt concentration used, but only when the sludge load remained limited to 0.4 -0.5 kg COD/kg sludge/day. At higher sludge loads, a strong decrease of removal occurred. The maximum reactor capacity achieved in this experiment was 0.5 -0.6 kg COD removed/m 3 /day.
Nanofiltration and crystallization pretreatment
The first series of experiments with a tubular nanofiltration membrane showed that approximately 85% of the total sodium sulphate could be concentrated in the retentate. Na 2 SO 4 remained mainly dissolved at 40 8C but was also partly present as an amorphous solid phase in the retentate and on the membrane surface (fouling/scaling). Membrane fouling could easily be removed by flushing the installation. NaCl and organic compounds measured as NPOC were not retained and their concentrations remained more or less unchanged. In a second series of experiments at 62 8C a spiral-wound membrane module was used. It effectively retained sulphate even for high concentration factors. The results demonstrate that nanofiltration could be used successfully to remove sulphate ions and to obtain a highly concentrated sulphate stream that could be used for crystallization purposes (see Table 2 ).
Concentrates from both cases were used in crystallization experiments. Highest sulphate recovery as Glauber salt was 85 -95% of total sodium sulphate present at 3-5 8C when seeding was applied. High feed sulphate concentrations in combination with low crystallization temperatures yielded the highest crystallization efficiencies (see Table 2 ). High sodium chloride concentrations lowered the solubility of the sodium sulphate and resulted in even higher crystallization efficiencies. The maximum total Na 2 SO 4 recovery of the combined pretreatment steps was approximately 80% and depended strongly on the sulphate and chloride concentrations of the concentrate and the crystallization temperature. The sulphate recoveries are higher for wastewater batch B than for batch A due to the higher initial salt concentration in batch B. A low concentration factor in nanofiltration gives a high sulphate recovery but a less concentrated concentrate, and thus lower crystallization efficiency. The optimum also depends on the results of the consecutive aerobic biodegradation of the nanofiltration permeates. Further options to improve total sulphate recovery are recycling of the crystallization filtrate or a second nanofiltration step. The permeates from the nanofiltration experiments were used in aerobic biodegradation tests.
Aerobic treatment of permeates from nanofiltration
The results showed that an extreme length of time was required to achieve effective aerobic treatment. COD removal increased from 50-60 to 80 -90% after approximately 100 days at the relatively low salinity of 2 £ diluted wastewater A permeate (containing 11 g/l chloride, 0.3 g/l sulphate and 23 g/l COD, see Figure 5 ). Success of the aerobic treatment of the sulphate free NF permeates related strongly to the salt and COD concentration: removal efficiency was limited to only 50 -60% for the higher saline 2 £ diluted wastewater B permeate (18 g/l chloride, 2 g/l sulphate and 44 g/l COD).
The influent pH of both permeates was close to 7 but dropped quickly to 4 in the tests. It can be ascribed to acids formed during the biodegradation process. Caustic (NaOH) was added to control the pH value at .4. On days 83 and 90 of operation, the pH of influent batches was increased from pH 6.5 to 8.6 by adding 2 M NaOH solution. This influent pH change had a very strong effect on the test pH value and the COD removal for low saline wastewater A (see Figure 5 ). It is difficult to determine whether the increase in pH was provoked only by the change in influent pH or by a combination with better adapted sludge. It is very likely that adapted sludge degrades the acidic intermediates that previously caused the low pH. The two parameters probably both depend on each other, i.e. a higher pH provides a better environment for the bacteria, which leads to higher COD removal efficiencies and in turn results in an even higher pH.
Results of the aerobic biodegradation of organic substances present in permeates are comparable to the removal in the original wastewater B (compare Figures 3 and 5) . Nanofiltration pretreatment improved the COD removal percentage for the lower saline wastewater A: an increase from 60 to 80 -90% removal was observed. It seems that the chloride and sodium concentration determine the efficiency more than the sulphate ions. Reducing the total dissolved salts concentration below approximately 20 g/L probably allows microorganisms capable of degrading almost all organic substances to maintain themselves in the bioreactor. 
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The low removal efficiency for wastewater B, comparable to that from direct aerobic biotreatment, together with the relatively low economic value of recovered sodium sulphate, makes the combination of nanofiltration-crystallization-aerobic biodegradation less feasible than for wastewater A.
Anaerobic treatment and consecutive aerobic treatment
Anaerobic (pre)treatment of saline waters resulted in being more sensitive to high salinities. Only wastewater A diluted to 10 g/l chloride could be pretreated reasonably well, lowering the sulphate concentration by 80% and COD by 40% (see Figure 6 ). At day 93 we started to feed 2 £ diluted wastewater B. A few days later the pH of the reactor dropped (acidification) and SO concentration. Omil et al. (1996) reached a stable anaerobic performance at 15 g/l chloride after a very gradual increase of Cl 2 concentration and organic load. In the UASB reactor, the sulphate present in wastewater A was reduced to (hydrogen) sulphide. No H 2 S inhibition of microbial activity was observed. Part of the sulphide could be removed as H 2 S by natural and forced stripping to the gas phase, leading to a decrease in salinity of the wastewater in a consecutive aerobic step. Approximately 50% of the COD reduction could be ascribed to the sulphate reducing bacteria (SRB). Vallero et al. (2003) measured a higher sensitivity to NaCl of the SRB than methanogenic and acetogenic bacteria, which could also be the reason for the large drop in activity we measured.
The consecutive aerobic treatment comprised of four different periods with different effluents from the UASB reactor as influents (Figure 7 ). Different HRTs were used. Due to dilution of the UASB effluent with caustic solution (to maintain anaerobic pH) and due to sulphate removal, all four wastewaters had approximately the same aerobic salt concentration: 9-11 g/l chloride and , 1 g/l sulphate. Removal efficiency strongly depended on sludge load. The first and third aerobic period showed that removal of 60 -70% is possible at 10 g/l chloride and sludge loads of around 1 kg/kg/d. Aerobic removal efficiencies were lower (50%) at higher sludge load (around 2 kg/kg/d, period 2 and 4). In all SBRs fed with anaerobic pretreated influent, the sludge displayed better settling properties than in the SBR fed directly with wastewater A or B. The removal efficiencies of the combined treatment prove that it is a possible route for 2 £ diluted wastewater type A: total removal is approximately 80 -85%. Removal is higher than found by Belkin et al. (1993) , who achieved 60-70% for a combined system, and treatment has to be improved before the combined treatment is a satisfactory option.
Conclusions
In conclusion, treatment of the undiluted wastewaters is not possible because of the high salinity, but also due to the high COD concentrations. A dilution of the wastewater by a factor of at least 2 is required to obtain removal efficiencies in aerobic treatment of approximately 55 -65%. Specialized halophilic microorganisms were not used as inoculum. Nevertheless, after adaptation periods of weeks to months, high carbon removal percentages were achieved with microbial cultures developed from activated sludge of a plant treating domestic wastewater. Wastewater could be treated under very saline conditions (29 g/l chloride, 12 g/l sulphate) when the sludge load was maintained below approximately 0.4 -0.5 kg COD/kg sludge/day. The sludge needed a very long time to adapt, but finally high organic removal efficiencies of approximately 80 -90% were achieved. Nanofiltration (NF) and crystallization could be used as a pretreatment to remove and recover up to 80% of the sulphate in the form of crystallized Glauber salt. Application was limited, because removal efficiency of a consecutive biotreatment improved only at a relatively low chloride level, making the combination nanofiltration-crystallizationaerobic biodegradation less feasible for very saline wastewaters. Anaerobic pretreatment of the wastewaters turned out to be rather sensitive to high salinities. Until now, only wastewater diluted to 10 g/l chloride could be pretreated well. Removal efficiencies of the combined anaerobic-aerobic treatment were approximately 80-85%, proving that it was a feasible route for 2-3 £ diluted wastewater. The anaerobic step should be further improved at 20 g/l chloride to make this route suitable for these high strength wastewaters. The metabolic diversity of micro organisms decreases with the salinity (Oren, 2002) . This study also demonstrates that the capacity to degrade organic substances decreases with salinity. However, by improving the conditions and using adequate reactors, several alternatives for treatment of wastewaters at a much lower degree of dilution than currently practiced become feasible.
